Meat from the Greater rhea (Rhea americana) could compete with traditional red meats, diversifying the market of protein products of animal origin. The meat from 32 rheas was used to study quality aspects and this included ultimate pH (pHu), color, water-holding capacity (WHC%), cooking loss (CL%) and tenderness. The muscles sampled were the Gastrocnemius pars externa, Iliofibularis and Obturatorius medialis from both sexes at multiple ages (10, 12, 14, 16 months). Age at slaughter affected WHC%, CL%, and color in raw meat and tenderness in cooked meat. Muscles under study showed differences in terms of pHu, raw meat color, and tenderness of cooked meat. Sex did not have a significant effect on any of the variables studied. According to our results, rhea meat from younger animals, between 10 to 14 months old, was tender and moderately juicy and the visual color was appreciated by the consumers.
INTRODUCTION
The Greater rhea (Rhea americana) is the largest, flightless native bird in South America and the Neotropical region (Sales, 2006) . Among the ratites (ostrich, emu, and rhea) commercially used for meat production, the rhea market is rather small, but there is an international interest in this new and exotic meat and South American farmers consider this as a new commercial possibility (Saadoun and Cabrera, 2008) . The meat is the main product, with average carcass yield of 59 to 65% Garriz et al., 2001c) . Rheas have a red, lean meat, which is tender and with pleasant flavor (Picallo et al., 2004) . This meat is also considered to be an important nutritional source due to its high protein content (Romanelli et al., 2008; Radogna, 2010 Meat quality depends on factors that are similar to all poultry meat species including age, nutrition, genotype, type of muscle, feeding regime and handling and slaughtering conditions (Sabbioni et al., 2003) . The pH is an important indicator of meat quality characteristics (Jensen et al., 2004) because it can influence color, water-holding capacity, flavor, tenderness and shelf-life. In general, meat tenderness is dependent not only on the structural and metabolic characteristics of a muscle at slaughter but also muscle metabolism during rigor mortis and aging (Andújar et al., 2003; Girolami et al., 2003) . Juiciness may vary based on the water-fat content and the ratio of the different types of fibers present in the muscle, and can also result in an increase in ultimate pH in adult animals (Andújar et al., 2003) . At the consumer level, meat quality combines tenderness, juiciness, and color traits (Vásquez et al., 2007) . Fresh color is the most important factor influencing consumer purchasing decisions because consumers associate color with freshness and wholesomeness. Myoglobin is the principal heme pigment responsible for the color in fresh meat; its stability is variable and can be influenced by various factors such as the packaging used, the processing technology applied, and the storage time (Mancini and Hunt, 2005; Suman and Poulson, 2013) . Therefore, in young animals, meat color may be affected by different myoglobin concentrations in the muscles, while in adult animals, meat color depends on myoglobin concentration combined with the pigment's oxygen affinity loss (Garibotto, 2004) .
Although some research has already been conducted on ostrich meat (Sales, 1996 (Sales, , 1998 Sales and Hayes, 1996; Paleari et al., 1998; Sales and Horbañczuk, 1998; Hoffman and Fisher, 2001; Girolami et al., 2003; Hoffman et al., 2008; Majewska et al., 2009) and rhea meat (Horbañczuk et al., 2004; Romanelli et al., 2008; Filgueras et al., 2010) , scientific data on the quality of rhea meat in Argentina is limited , 1999 , Garriz et al., 2001a , 2001b Picallo et al., 2004) .
In order to evaluate the quality of rhea meat, and to extend current knowledge, the present study aimed at evaluation of selected physical characteristics of Greater rhea (Rhea americana) meat as influenced by sex, age at slaughter, and muscle type. Physical characteristics measured included ultimate pH, instrumental color, water-holding capacity, cooking loss and instrumental tenderness.
MATERIALS AND METHODS

Animals and Samples
We studied thirty-two Greater rheas (Rhea americana; hereafter rheas), which were hatched between October and November 2007 in the breeding facility "Pampa Cuyen" (Balcarce, Buenos Aires, Argentina). The animals were fed an ad libitum commercial balanced pellet food (16% crude protein, 6.5% fiber, 2,450 Mcal/kg) and mixed pasture of grass, legumes, and other spontaneous dicots. Veterinary controls were applied including delousing in fall and spring. All the animals were sexed, weighed (females = 18.47 ± 0.81 kg, males = 20.38 ± 0.91 kg), and identified with leg tags. They were randomly distributed into four groups (10-12 to 14-16 months of age at slaughter); each group consisting of eight animals (4 males and 4 females). This work was done simultaneously with a research on carcass yield and nutritional properties of rhea meat (Radogna, 2010; Bernad et al. in preparation) . Although rheas are usually slaughtered at the age of 12 months when the birds achieve ∼25 kg (Horbańczuk and Wierzbicka, 2016) , in Argentina it is quite expensive to maintain animals, so one of our main concerns was to suggest an optimal slaughter age for males and females that was economically feasible. Therefore, we investigated if the technological and nutritional properties of rhea meat quality changed between ages and sexes.
In order to minimize the effect of stress, rheas were gently placed in wooden crates late in the afternoon of [INTA] ) in Buenos Aires, Argentina. They were manually stunned, i.e., knocked senseless, and immediately slaughtered following the procedures described for ostriches (Morris et al., 1995) , rheas and lesser rheas . Carcasses were directly chilled at 4
• C overnight. The leg muscles of each carcass were separated and identified, applying the techniques established by Mellett (1994) for ostriches and Garriz et al. (2001c) for rheas ( Figure 1 ). The following three muscles from the leg and thigh were excised from the left side of each carcass: Gastrocnemius pars externa (G), Iliofibularis (I) and Obturatorius medialis (O).
All muscles were individually vacuum-packed, frozen and stored at -20 ± 1.5
• C, due to logistic and operative issues and then were remitted to the Meat Laboratory at the School of Agricultural Sciences of the University of Buenos Aires (UBA, Buenos Aires, Argentina) for further analysis. Therefore, some quality parameters, particularly water-holding capacity, may have been affected by the freezing and thawing procedures and may not accurately reflect the quality of fresh meat. They were kept under the same conditions until the day before the analysis, when they were thawed in a refrigerator (24 h at 4 ± 1
• C).
Ultimate pH
The ultimate pH (pHu) of meat was determined 24 h after slaughter, in triplicate, on each muscle before thawing (sample) using a pH meter (Testo 230 probetype combined electrode) calibrated with buffer solutions at pH 4.0 and 7.0.
Water-Holding Capacity
Water-holding capacity (WHC%) was based on the percentage of free water in meat. It was estimated according to the method of Grau and Hamm (1953) , as modified by Zamorano et al. (1996) , taking two measurements per sample (0.5 g).
Cooking Loss
Samples of 2.5 cm were cooked on an electric, counter-top griddle (Ingeniería Gastronómica S.A., Argentina) to a temperature of 72 ± 0.5
• C in the center of the sample (geometric center thereof). Cooking loss (CL%) was calculated as the weight lost before and after cooking, expressed as a percentage of the initial sample weight.
Tenderness
Meat instrumental tenderness (WBS) was evaluated in meat cylinders of 1.27 cm of diameter and 2.54 cm long using a Warner Bratzler device attached to a model 4442 Instron texture machine with a 50-kg tension/compression load cell and a crosshead speed of 50 mm/min. Beef slices of 2.5 cm thickness (∼75 g) were cooked on an electric, counter-top griddle (Ingeniería Gastronómica S.A., Argentina) to a temperature of 72 ± 0.5
• C in the center of the sample, monitoring the temperature with thermocouples attached to a data collector. The final value, expressed in kilogramforce (kgf), was an average of three measurements per sample.
Color
Fresh meat color was evaluated using a Minolta colorimeter (CR-300 Chroma Meter, Minolta Camera Co., Osaka, Japan) to determine L * (lightness), a * (redness) and b * (yellowness) values (Commission Internationale de L'Eclairage -CIE, 1972). Diffuse illumination, 0
• viewing geometry, aperture of 8 mm, illuminant D65, and 10
• Standard observer were used (Honikel, 1998) . The results were an average of two measurements per sample, performed directly on the thaw muscle, exposed to oxygen during one hour, in order to allow meat blooming. The colorimetric indices of chromaticity were calculated with the following formula: CIE, 1972) .
Statistical Analysis
All data were subjected to analysis of variance using a split-split-plot model. Sex was the whole plot factor (male, female), age at slaughter (10, 12, 14, 16 months old) was the subplot factor, and muscle type (G, I, O) was the sub-subplot factor. Animals were included in the analysis as a random term. We worked with the linear mixed-effects (lme) function within the NLME library. All interactions between fixed effects were tested. The mean value differences were analyzed with the least-squared means (lsmeans) function (Lenth, 2013) . All analyses were done using the R software (R Core Team, 2013) . The assumptions of normality and homoscedasticity were also analyzed with the modified Shapiro-Wilk tests and the F test. Outliers were removed as necessary. All data presented is expressed as mean ± standard error (S.E.).
RESULTS AND DISCUSSION
Ultimate pH
The pHu varied only with muscle (P < 0.001). Muscles that correspond to the leg and thigh showed the highest levels of pHu (G = 5.86 ± 0.04, and I = 5.95 ± 0.06), whereas O, located in the back, showed a significantly different pHu (5.61 ± 0.02). There was no interaction between sex, age and muscle nor single effects of sex and age for pHu. Similar values for G and I muscles were published for Greater rheas by and Garriz et al. (2001a) . Filgueras et al. (2010) found a lower ultimate pH in rhea muscles (G pars interna = 5.4 and I = 5.6). Considering the general range of pHu values obtained in this study and the above citations for the species, rhea meat can be classified as an intermediate meat type between normal (pH < 5.80) to extreme dark, firm, and dry meat (pH > 6.20) (Morris et al., 1995; Sales, 1996; Sales and Mellett, 1996; Paleari et al., 1998; Sales and Horbañczuk, 1998; Balog and Almeida Paz, 2007; Botha et al., 2007; Hoffman et al., 2008) .
Muscles may be classified based on their functionality into oxidative muscles ("red" fibers, rich in mitochondria and myoglobin-high pHu) and glycolytic muscles ("white" fibers, low level of mitochondria and rich in glycogen-low pHu) (Listrat et al., 2016) . In our study, we found that muscles with less contraction-relaxation activity (O) showed lower pHu values than muscles with greater activity (G and I). Filgueras et al. (2012) found that I had a more intense oxidative metabolism than G and that both rhea limb muscles were composed solely of fast-twitch oxidative-glycolytic fibers capable of aerobic and anaerobic metabolism and rapid contraction.
Water-Holding Capacity
Results on WHC should be taken with caution because the data obtained was from thawed muscles. Water-holding capacity (WHC%) was affected by sex and muscle (P = 0.0413) and by age (P < 0.001). Females and males showed significant differences only in I (P ≤ 0.05), which presented higher WHC% in female than in male rheas (Figure 2 ). There is no data concerning WHC% in rheas' muscles. Data on muscles of 10-to 12-month-old ostrich males showed no differences of WHC% (Majewska et al., 2009) . Therefore, the possible sex effect may be explained by the water-fat content ratio in rhea muscles. Difference in fat content could be due to females developing fatty tissue more rapidly than males. Consequently, they enter into the thickening stage before males, resulting in a greater thickening level, as stated by Radogna (2010) . Thomsen and Zeuthen (1988) and Swatland (1995) observed that WHC% values were linked to pHu because its decline reduced water holding as a result of the denaturalization of muscle protein (Warriss, 2000) . A higher pH resulted in a higher WHC and a lower moisture loss. This could be the case of muscle I that showed the highest pH and WHC.
Considering age, WHC% was significantly higher at 16 months old (P ≤ 0.05) ( Table 1 ). There are no studies concerning WHC% of rheas or ostriches at different ages. Some authors indicate as the cause of the increase of WHC, the disintegration of the Z lines by the action of proteases (Hamm, 1986) and by changes in the permeability of the membranes, with a certain diffusion and ionic redistribution that gives as a result the replacement of some divalent ions and the weakening of forces that approximate the protein chains.
Cooking Loss
As to CL%, an interaction between age at slaughter and muscle was found (P < 0.001). The differences between muscles were only significant at 10 months old, showing I as having the greatest value for CL% ( Table 2) . As regards the effect of different ages within each muscle, G presented higher values of CL% at 16 months old, while I showed higher significant CL% values at 10 months old (Table 2 ). For O, there were no significant differences between ages (Table 2) .
Our CL% results were lower than those reported for 12-month-old rheas by Filgueras et al. (2011) (G = 42.0 ± 1.4%, I = 38.4 ± 2.4%). Higher CL% values were also observed in m. I and G of young ostriches by Sales (1996) In accordance with our results, Sales (1996) in ostriches found that cooking loss decreased linearly with increasing pHu, due to the increase of water retention by proteins.
Tenderness
Results of the WB shear force analysis showed that tenderness depends upon the interaction of age at slaughter and muscle (P < 0.001). Differences were visible between muscles only at 10, 12, and 16 months of age (Table 3 ). All the muscles studied showed the same tendency: the older the rheas, the less tender the meat (higher values of WBS; Table 3) .
Tenderness values at 10, 12, and 14 months matched those found in ostrich meat by Sales (1996) and Girolami et al. (2003) . However, these authors considered that the few four months that separated the two animal groups they worked with (10 to 11 vs. 14 to 15 months) were not enough to notice significant differences in muscle structure. Previous ostrich studies have also reported no significant differences in shear values for different ages (8, 10, 12, and 14 months; Mellett and Sales, 1997) .
In contrast, and similar to our findings, an effect of age on ostrich meat tenderness was observed by Hoffman and Fisher (2001) who found higher WBS values for older birds (8 years = 5.26 ± 0.74 kgf) when compared to the results of Sales (1996) , which was done on younger ostriches (14 months = 4.44 ± 0.99 kgf). Similar observations have been made in the chicken and the emu (Berge et al., 1997) . Consequently indicating that with age, similar to other animal species, the intramuscular connective tissue of the ostrich undergoes a stabilizing process through an increase in the number of heat stable crosslinks in the collagen molecule (Light, 1987) , and in muscle fiber diameter (Fennema, 1996) , which results in increase tensile strength (Lawrie, 1998) . Botha et al. (2007) found, in G, significant differences between individual ostrich carcasses (10 to 14 months) in shear force values. Changes could be due to the fact that some birds might have been more susceptible to pre-slaughter stress than others, resulting in different levels of glycogen and ATP concentrations within the muscles between individual carcasses. All these factors are known to influence the quality characteristics of meat (Lawrie, 1998) .
On the other hand, the differences in sensitivity between the different muscles studied are explained by a natural effect related to their location, function and force perform in vivo (Teira, 2004) . A marked effect of muscle type on tenderness has been recognized (Marks et al., 1998; Sales, 1999) . Sensory analysis and instrumental measurements ranked I as the tenderest while G was the toughest muscle. Similar results were obtained by Pollok et al. (1997) in ostrich and by Berge et al. (1997) in emus. These findings could be explained on the basis of the different collagen content of the experimental muscles, although other factors might help to explain the differences such as aging processing and rigor procedure (Lawrie, 1998; Hoffman, 2008) .
Tenderness refers to the ease of shearing or cutting during mastication, as well as the amount of residue remaining in the mouth after chewing (Price, 1960; Aberle et al., 2012) . The I had a higher (P < 0.05) value for the attribute first bite and a lower (P < 0.05) value for the attribute residue. These results indicate that the sensory panel perceived the latter muscle to be more tender (P < 0.05) than G. Similar to our results Garriz et al. (2001b) found, in rheas of 20 ± 3 months, that the leg muscle (G) had lower WBS values than the thigh muscle (I). For ostriches, Girolami et al. (2003) found a marked effect of muscle. Hoffman et al. (2008) found that the second toughest muscle was O, then I and afterwards G (14 months ostriches). Sales (1996) found that I had the highest WBS (indicating the greatest toughness) (4.44 ± 0.99 kgf) than G (2.97 ± 0.53 kgf). Therefore, the I was the toughest muscle as determined by instrumental analysis. It is interesting to note that shear force is highly correlated (P < 0.01, r = 0.466) with percentage cooking loss. Collagen is the principal fibrous protein in connective tissue (Tarrant, 1998) . When collagen is exposed to heat of about 65
• C, it contracts to one quarter of its original length and becomes rubber-like (Bailey and Sims, 1977) . This contraction causes an increase in tension and fluid is exuded from the muscle, resulting in an increase of toughness (Bailey and Sims, 1977) . Therefore, as collagen concentrations increase in the meat (Tarrant, 1998) , higher levels of contraction occur at high temperatures, more fluid is exuded (cooking loss) and the meat becomes tougher. It can also be argued that, when more water is present in the piece of meat used for shear force determination, the higher the dilution of the connective tissue per area present in the meat. There is also a very positive, linear, relationship between ultimate pH and tenderness (Bouton et al., 1971) .
Lack of differentiation among muscles at early ages would indicate that there are no significant changes in the muscle structure until sexual maturity, suggesting that physiological maturity becomes a better indicator of tenderness than chronological age.
Significant correlations were also found for sensory tenderness and some of the physical and other sensory characteristics. As the pHu of the meat increased, the first bite value increased (P < 0.05, r = 0.516). Therefore, the tenderness of the meat increased as the pHu increased. This is due to the post-mortem activation of enzymes. During the post-mortem period the pH drop causes the concentration of Ca 2+ ions in the muscle fibers to increase. This increase in Ca 2+ ions activates calpain I, which causes initial tenderization in meat. As the pH drops even further, more Ca 2+ ions are released and calpain II is activated at this higher concentration of Ca 2+ ions. Therefore, calpain II is responsible in further stages of tenderization in aging of meat (Dransfield, 1992 (Dransfield, , 1993 Dransfield et al., 1992) . However, it is known that ostrich muscles attain their lowest pH rapidly (Botha et al., 2004a (Botha et al., , 2004b (Botha et al., , 2006 , after which pH starts to increase. It is postulated that this rapid decrease in pH was sufficient to activate the calpain I system, but the meat was frozen within 24 h and it is therefore doubtful that the calpain II system would have caused any tenderization.
Color
Muscle type had a significant main effect (P < 0.001) on lightness (L * ), with great differences among the three muscles. Muscle O was the lightest (higher L * value), followed by I and, finally, G with the lowest L * value (darker) ( Table 4 ). Lightness increased from lower location (leg, G) and greater recurrent contractile function to upper location (back, O) and lower contractile action; i.e., muscles with greater contractionrelaxation activity were the darkest ones. In this study, initial L * for I was similar to L * values reported in rhea meat by Filgueras et al. (2010 Filgueras et al. ( , 2011 ) but higher than the results reported by Garriz et al. (2001a) , although the same trend was described. Contrary to our findings, Filgueras et al. (2011) reported no muscle effect (G and I) on lightness for rheas of 12 months old. We found no effect of age or sex on lightness. However, Hoffman and Fisher (2001) reported significantly lower reflectance (L * ) values for older ostriches (8 years) compared with 14-month-old birds, but age ranges in our research were not as extensive.
Redness (a * ) recorded effects of age at slaughter (P < 0.001) and muscle (P < 0.001). As the age at slaughter increased, the a * parameter also increased, with a sharp difference between the first two slaughtering ages and the last one (Figure 3) . Similar results were found for ostrich meat, which was darker and with a more intense red color in the muscles of older animals (Hoffman and Fisher 2001) . This is mainly due to a concentration of myoglobin pigment (Berge et al., 1997; Lawrie, 1998) . The intense red color, which is characteristic of ostrich and other ratites, is due to a high pigment content (range 5.70 to 9.09 mg/g heme) in older rheas (Sales and Oliver-Lyons, 1996) regardless of the muscle analyzed (Sales, 1996; Berge et al., 1997) , and may be explained in part by its high final pH (Lawrie, 1998) . As for muscles, the highest value of a * was recorded for O (Table 4) . Similar a * values were reported by Filgueras et al. (2011) and by Garriz et al. (2001a) for I. Comparing the results obtained in the present study to those reported by Paleari et al. (1998) , ostrich, turkey and bovine meats seem to be redder than rhea meat. The instrumental a * values reported by these authors were higher than the a * values found in this study, in accordance to Garriz et al. (2001a) .
Yellowness (b * ) of rhea meat was affected by the interaction of age at slaughter and muscle (P < 0.001). Comparing muscles at the same age at slaughter, O was yellower than I and G at 10 months (Table 5) . At 12 months, I had the highest b * value, although there was no difference between G and O. For the last two slaughtering ages, O was always yellower than G and I (Table 5 ). Higher b * values for 12-month-old rhea I were found by Filgueras et al. (2011 ). Majewska et al. (2009 , reported b * values of 12.5 ± 1.07 for 10-to 12-month-old ostrich I. Pollok et al. (1997) found b * values of 1.90 and 3.51 for ostrich G and I, respectively. Paleari et al. (1998) reported an average of 6.6 in whole thigh muscles. Hoffman and Fisher (2001) found that older ostriches had significantly higher b * values compared with 14-month-old birds. For each muscle, there was no clear tendency between ages (Table 5) ; i.e., responses to b * were variable, which can be accounted for the low values of intramuscular fat of rhea meat that determine this parameter. Generally, rhea meat showed a yellow value similar to that of ostrich meat, as described by Paleari et al. (1998) . In other words, both species have the same fat content, since in general, ratites show little or none intramuscular thickening.
Additionally, color chromaticity (C * ) was assessed. Muscle type (P < 0.001) and age at slaughter (P = 0.0025) significantly influenced rhea meat chroma (Table 5 ). For muscles, O had the highest value of C * followed by I and G (Table 5) . As for age, higher values of C * were found at 14 and 16 months (Figure 4 ). Since C * is calculated based on a * and b * , this result could be associated, once again, with the lower pH value of O with regard to those located in a lower position of the animal's leg, and in line with notes made by Hoffman et al. (2008) for this parameter in ostrich meat.
In summary, less contraction-relaxation activity muscles were redder, with greater luminosity than the rest of the muscles. In contrast, muscle G was characterized for being the darkest muscle, with a less intense and less saturated red color. Offer (1991) , Swatland (1995) , and Botha et al. (2007b) suggested that lower pHu value muscles (located, in this study, in upper positions: O) are rather clearer than darker (higher L * ), redder than greener (higher a * ) and yellower than bluer (higher b * ). Bonding between myoglobin and oxygen is determined by pH so the lower pH values, the higher bonding extent (Fennema, 1996) . The relationship between lightness and pH of raw meat is caused by light scattering where there is a minimum penetration and a maximum reflectance of light from raw meat with a low pH generating brighter meats (Klont et al., 2000) . Meat color is also influenced by water-holding capacity, as higher water content results in higher absorption of radiation and lower reflection, making the meat darker (Balog and Almeida Paz, 2007) . In accordance to Sabbioni et al. (2003) for ostriches, rhea meat color was not significantly affected by sex.
CONCLUSIONS
Technological quality of rhea meat was affected by age at slaughter in terms of water-holding capacity and objective color (intensity of red, intensity of yellow and chromaticity) in raw meat, and by cooking loss and objective tenderness in cooked meat. On the other hand, technological quality varied based on the location and biological function of the muscle under study affecting the pHu, cooking loss, objective tenderness and objective color (luminosity and intensity of yellow) of raw meat. Sex did not show significant effects on quality, in terms of the variables analyzed herein. This is the first research in Argentina describing the technological quality of rhea (Rhea americana) meat. Thus, the results obtained should be prudently considered, until further research is carried out for confirmation or amendment purposes. This is especially important if we consider that meat quality can change based on factors not included as variables in this study, such as those related to feeding, animal management in the fields and transport and slaughtering procedures.
In this study, rhea meat was described as a tender, moderately juicy meat with nice color. Note that the lack of juiciness severely restricts consumer's appeal, thus, caution should be take into account when cooking this type of meat because it will directly affect its quality. This should be strongly considered upon processing the meat and developing new by-products. On the other hand, this meat would be equally fit for byproducts, such as, dried cured products, based on the good transformation performance in terms of pHu and on the water-holding capacity of its structure. Finally, objective measurement of raw meat color is also important since the consumer relates it to meat freshness, based on its appeal, directly affecting purchase decisions. Even though a decreased age at slaughter may affect production costs, through a shortened production cycle and a higher production efficiency, thus allowing a reduction of the high rhea retail prices just as suggested by Girolami et al. (2003) for ostriches, some quality characteristics may be affected. Therefore, a balance between costs and quality should be taken into account.
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